Introduction
In the absence of crystallographic data for the structure of M1 RNA, the catalytic RNA subunit of RNase P from Escherichia coli Altman et al., 1993) , a three-dimensional working model of the RNA was created with the assistance of computer modeling techniques (Westhof & Altman, 1994) . This model features a cleft that allows the RNA enzyme to accommodate a tRNA precursor substrate on its surface in a manner compatible with a variety of experimental data and, while not meant to be definitive, was intended to provide insight into the function of the enzyme and to suggest new experiments. One test of the validity of the model, and a guide for refinement of it, is the degree of agreement between the theoretical predictions of the accessibility of various regions of M1 RNA to chemical or enzymatic probes and the experimentally observed reactivities to such probes. Verification is provided also by the correlation between experimental results with expectations of protected regions in the enzyme-substrate complex (M1 RNA with a tRNA precursor (ptRNA) and in the holoenzyme complex (M1 RNA with C5 protein;
Eight among 21 proposed P-P distances or contacts (Nolan et al., 1993; Oh & Pace, 1994) between the catalytic RNA and a ptRNA substrate in the E-S complex are not in agreement between the two models. We suggest that this disagreement between the experimental cross-links and our model of the E-S complex can be resolved by postulating the existence of two modes of binding for ptRNA substrates or tRNAs.
Results
M1 RNA was treated in the presence and absence of Fe(II)-EDTA (Latham & Cech, 1989; Celander & Cech, 1991) under conditions that were optimal for catalytic function of the enzyme (see Materials and Methods) . Reactions with M1 RNA and Fe(II)-EDTA were carried out in the presence of (1) high and low concentrations of Mg 2+ to determine the influence of this ion on the folding of the RNA, (2) a tRNA precursor substrate to determine what sites on M1 RNA are protected by binding of the substrate, and (3) the C5 protein cofactor to determine the influence of the protein on the structure of M1 RNA in the holoenzyme complex.
Refinement of the original three-dimensional working model
The relative reactivity of M1 RNA alone in the presence of 100 mM Mg 2+ , from which the background due to cleavage of phosphodiester bond induced by Mg 2+ (Kazakov & Altman, 1991) in the absence of Fe(II)-EDTA has always been subtracted (see Materials and Methods) is shown in Figure 1 (a). The experimental data are compared with calculations of accessibility (Richmond, 1984) of the C-4' atom of the sugar moieties based on the atomic coordinates of our refined working model.
An examination of the differences in the protection pattern for M1 RNA in 100 mM Mg 2+ in comparison with the calculated protection pattern (see Figure 2 and Westhof & Altman, 1994) identified, by inference, the regions in the model of M1 RNA that do not have the features of higher-order structure established by the experimental data. Although a calculated pattern of peaks and valleys of accessibility to chemical reagents can be generated, in principle, from any assembly of helices randomly connected in solution, the structure in solution of M1 RNA that we propose leads to a pattern of accessibilities that is, indeed, sensitive to small changes in that structure. Accordingly, the original model was refined, using the methods previously described, to improve the agreement between the experimental and calculated accessibilities to Fe(II)-EDTA. A comparison of the calculated accessibilities derived from the original model and the refined model is shown in Figure 2 . It is apparent that changes introduced in the model (and described below) alter the pattern of calculated accessibilities in a specific manner. The differences in calculated accessibilities have been translated into a comparison of the original and refined models in three dimensions as shown in Figure 2 (b). The helical regions that have been changed significantly in position are labeled in light blue.
While the general trend of much of the experimental data for reactivity with M1 RNA alone in solution follows that of the theoretical curves derived from a refined model (see below), there are still some regions in which agreement is not good (see Figure 1(a) ). Note that the shape of the curves is of greater importance for our purposes than the numerical values assigned to reactivity. Additionally, peaks and valleys that are displaced from the theoretical curve by one or two nucleotide(s) are not considered critical deviations and can be accommodated with minor adjustments to the model and, in a few cases, may be due to uncertainties in the precise identification of the position in the nucleotide sequence (see Materials and Methods). Furthermore, the accessibility calculations are based on the assumption that the M1 RNA structure is unique, rigid and in a configuration with a substrate docked, whereas several conformations may be in a dynamic equilibrium in these and other regions (for example, the internal loop at G20/G59), thereby accounting for the absence of deep valleys or high peaks in the experimental data by motional averaging.
In the 5' half of M1 RNA, the agreement of the pattern of protection with prediction is not good in the regions encompassing nucleotides 98 to 110 and 130 to 145 (Figure 1(a) ). The pattern of experimental data in the region between nucleotides 140 to 170 is relatively featureless: this region encompasses P4, which contributes to the binding of ptRNA substrates (Westhof & Altman, 1994) , and J4/5. 
Specific changes in the new model
Significant differences in the patterns of calculated accessibilities based on the two models (see Figure 2 (a)) involve pseudoknot P13 (nucleotides 72 to 85 and 275 to 280; see Figure 3 (a)), P2(3'), P3 (95 to 115), P6 (205 to 215), which lies near a region critical for interactions with a ptRNA, P14 (123 to 130 and 235 to 243) and P4(3') (165 to 174), all of which are involved in or near regions of long-range interactions or are single-stranded junctions between helical regions. P7(5') (253 to 258) and 329 to 332, which are thought to be near the catalytic center, become more protected in the new model. The orientation of these aforementioned regions in M1 RNA is critical in determining the overall conformation of the molecule. The original model has been adjusted (see Figures 2(b) and 3(b)) in order to make the calculated accessibilities more compatible with the experimental data concerning the relative accessibility of the sugar moieties of the phosphate backbone to Fe(II)-EDTA in the solution environment (Figure 1(a) ). The four helices P9b, P2, P3 and P14 were rearranged so that the two coaxial stacks (P9b-P14 and P2-P3) form a right-handed cross with right-handed stacking at the interfaces (Krol et al., 1990) . It should be added that the P14 pairings are slightly different from those given by Haas et al. (1994) . The first set of pairings is made between 120-121 and 237-236 (Tallsjö et al., 1993) and the second set of pairings is made between 127-129 and 231-229 (Mattsson et al., 1994) with a slightly asymmetric loop interrupting the two hydrogen-bonded regions. These changes lead to adjustments in stems P4 to P7 in order to maintain previously proposed (Westhof & Altman, 1994) tertiary contacts between P5 and L2 as well as the two GNRA tetraloop contacts with helices (Jaeger et al., 1994) : L6 to helix P9 and L3 to the T-loop of the precursor tRNA. Figure 3 ) and the thin line denotes calculations made with the original model (Westhof & Altman, 1994) . (b) Views of the original (left; Westhof & Altman, 1994) and new (right) models of M1 RNA. The helices that account for most of the changes are labeled in light blue and those remaining basically unchanged in the comparison of the two models are labeled in white. Representations were made using the DRAWNA program (Massire et al., 1994) . Helices P3 and P13 are not easily visible in this perspective but are shown in Figure 3 (b).
that contain concentrations of Mg 2+ less than 20 mM. The influence of an increase in Mg 2+ concentration (from 10 mM to 100 mM Mg 2+ ) on the accessibility to Fe(II)-EDTA of C-4' atoms in ribose groups in M1 RNA and, therefore, the conformation of M1 RNA, is apparent in Figure 1 (b). Note first, in Figure 1 (b) , that the experimental data for M1 RNA in 10 mM Mg 2+ show less pronounced peaks and valleys than those in 100 mM Mg 2+ and are relatively undifferentiated in certain regions, e.g. P1(3') to J1/12 (45 to 70), P14(5') and P4 (150 to 170), P14(3') and P4 (190 to 230). These results indicate that the higher -order structure of M1 RNA in these regions is either rather floppy or unformed in relatively low concentrations of Mg 2+ . Furthermore, the nucleotides involved in P14, J4/5 (180 to 183) and the internal bulge in P7 are much more accessible than in 100 mM Mg 2+ or than calculations predict, confirming that magnesium ions play an important part in organizing the higher-order structure of these regions (Kazakov & Altman, 1991) . When Mg 2+ is completely absent from the buffer in which the chemical probing is carried out, some of the consequences of lowering Mg 2+ concentration on the conformation of M1 RNA are more accentuated. Similar experiments have been used to make inferences about the tertiary structure of another catalytic RNA (Celander & Cech, 1991) . In this respect, the data (not shown) confirm the conclusions reached above from experiments in 10 mM Mg 2+ and show, further, that the J4/5, P13 (5')/L2 and J10/12 become even more accessible than shown in Figure 1 (b) in the absence of Mg 2+ . Divalent metal ions, therefore, clearly play an important role in organizing the tertiary structure of M1 RNA. Darr et al., 1992; Westhof & Altman, 1994) . Various parts of the structure are labeled as helical (P), loop (L) or single-stranded junctions between helical regions (J) and the numbering corresponds to these regions as represented in (b) the three-dimensional, refined, working model in which the numbers (P1, P2, etc.) are the same color as the helices they designate (Westhof & Altman, 1994) . Except for P1, only single-stranded regions are green. Arrows in ribbons point to the 3' end of the phosphodiester chain: P2, yellow; P3, red; P4, red; P5, white; P6, purple; P7, yellow; P8, red; P9, orange; P10, purple; P11, yellow; P12, mauve; P13, white; P14, mauve. The representations were produced as described (Massire et al., 1994) . The helix numbering system of Haas et al. (1994) is shown in (b) in addition to the numbering system shown in (a). Thus, P13/6 indicates P13 as shown in (a) (Westhof & Altman, 1994) and P6 in the system used by Haas et al. (1994) . Helix P7 is not easily visible in this perspective but is shown in Figure 2 
Specific protections of the enzyme-substrate complex
When the enzyme-substrate (E-S) complex is probed with Fe(II)-EDTA (Figure 4 ), or with reagents that attack the bases (Knap et al., 1990) , regions in M1 RNA expected to be in contact with the substrate as indicated in the model of the E-S complex ( Figure 5 ) should either be protected, or incrementally protected, from attack because of the presence of pfMet. (Note that pfMet is cleaved to a very low extent (about 1%), during the time of incubation with Fe(II)-EDTA and is present in concentrations well above the K m ). For example, the most important contacts for binding of the substrate are thought to involve predominantly P2 and L2, L3 and J14/4 (Nolan et al., 1993; Harris et al., 1994; Westhof & Altman, 1994) , as indicated by the relatively protected regions in Figure 4 . The experimental data fit somewhat better with an average of the calculated accessibilities of E and E-S, presumably because the substrate we used in these experiments is not cleaved to a significant level during the time of the Fe(II)-EDTA reaction and the binding to the surface of the enzyme is not unusually strong (i.e. not irreversible). The most significant discrepancies between experimental data and calculated accessibilities occur at nucleotides 20 to 25, 90 to 110, 130 to 140, 155 to 175, 190 to 200, 205 to 225, 240 to 260 and 270 to 280. Most of these regions are experimentally more accessible than expected from the calculations. Regions more protected than expected occur between nucleotides 20 and 140. Thus, our model will have to be adjusted still further to fit the experimental data in these critical regions of interaction between substrate and enzyme.
Some of the regions protected by the substrate, as determined by accessibility to Fe(II)-EDTA, are P2, P3(5') and J14/4. If P2 and L2 are deleted from M1 RNA, there is no cleavage activity with ptRNA substrates (unpublished results) but ''hairpin'' substrates are still cleaved (direct contacts with the 5' leader sequence of a ptRNA are made at an early stage in the kinetics of the enzymatic reaction in P2 at or near nucleotide 92 in M1 RNA (Guerrier- Tyr of E. coli (Knap et al., 1990 ) are indicated by the white spheres. The radii of the white spheres indicate the degree of protection from DMS and kethoxal. All the phosphate groups of the substrate (gray ribbon) are shown as small violet spheres. The arrow points to the site of cleavage by M1 RNA in the substrate and the region of proposed hydrogen bonding between the 3' terminal CCA sequence of the substrate and M1 RNA is labeled.
Some regions of M1 RNA, for example L4, P5, P6, P7 (except for the 3' side of the internal loop of P7, where the CCA sequence of substrates bind) and P12(3'), become more accessible to the solvent on binding of ptRNA (Figure 4) suggesting that various tertiary interactions are disrupted in the E-S complex. Oligonucleotide binding experiments (Guerrier-Takada & Altman, 1993) indicating that nucleotides 122 to 138 become accessible on formation of an E-S complex with a ptRNA, support this observation.
Specific protections of an enzyme-model substrate complex
Small, model substrates, which consist of a 5' leader sequence and a stem-loop structure can be cleaved quite efficiently by RNase P or M1 RNA (McClain et al., 1987) . Even at high concentrations, these substrates do not inhibit the reaction of M1 RNA with ptRNA (unpublished results), a first indication that the mode of binding to M1 RNA of small, model substrates may be somewhat different Takada et al., 1989; Kufel and Kirsebom, 1994) ). P2(5') and P3(5') are protected to a greater extent than expected in the E-S complex but we cannot say with certainty if this is due unequivocally to contacts with the substrate or changes in the tertiary structure induced by substrate binding. Relative protection is evident in P4 (155 to 175) and P8 (310 to 320). We note also that while P4 and P8 make contact on either side of the anticodon stem-loop region of the substrate but these contacts are not essential for binding of the substrate. When a substrate is employed (see below) that has only one very short stem-loop region, no protection of P4 and P8 is seen. We note also that while the Fe(II)-EDTA reagent did not detect large changes in the accessibility of C-4' atoms in the internal loop of P7 on binding of substrate, specific changes in susceptibility of this region to cleavage by divalent metal ions when substrate is bound have been observed (Kirsebom & Svard, 1993; Zito et al., 1993; Ciesiolka et al., 1994) .
from that of a standard ptRNA and we now provide data from Fe(II)-EDTA protection experiments that lend additional support to this notion. The rate of cleavage of such substrates drops dramatically when nucleotides −1 or −2 in the leader sequence are substituted with deoxyribonucleotides (Perreault & Altman, 1992) . The decrease in cleavage rate is due to both the inability of these substrates to bind Mg 2+ at the substituted positions and the consequent decrease in k cat rather than any increase in K m . We synthesized a ''substrate'' in which both positions −1 and −2 are substituted with deoxyribonucleotides (pd2AT-1) in order to prevent any cleavage occurring in a complex with M1 RNA during the time-course of an Fe-EDTA protection experiment. The overall binding step of the reaction with M1 RNA (K m ) is relatively unaffected by the substitution of the deoxynucleotides (unpublished results). The accessibility to Fe(II)-EDTA of pd2AT-l in a complex with M1 RNA was examined at a concentration of substrate well above its K m .
Certain regions in the M1 RNA that are relatively protected in the complex with a ptRNA became accessible in a complex with pd2AT-1, e.g. nucleotides 55 to 90, P2 (3'), P7b and P11 (3'). Protection was observed in the regions of P1 (3'), unlike a ptRNA, P9b(3'), P7a(3'), J7/8, P8(3') and J8/10 (data not shown). This substrate, therefore, interacts with M1 RNA in a somewhat different manner than do ptRNA substrates, such that there appears to be a comparative rotation of about 180°a round the anticodon stem axis (or its equivalent) in the substrates. p2dAT-1 lacks the tertiary structure of the tRNA domain that must be unfolded on binding to M1 RNA. The differences in reactivity with Fe(II)-EDTA may reflect primarily differences in the overall binding (K m ) of these substrates to the enzyme rather than details of binding in the immediate vicinity of the scissile bond during catalysis. (We found that 5 S rRNA, which binds to M1 RNA in a non-specific manner, protected some regions of M1 RNA from reactivity with Fe(II)-EDTA but not several mentioned above that are thought to be critical in the E-ptRNA complex, thus giving further evidence that there is more than one mode of binding of RNAs to the surface of the enzyme (data not shown) and that the footprint obtained with ptRNA substrates reflects a distinct and specific enzyme-substrate interaction.)
The holoenzyme complex; M1 RNA and C5 protein
The points of contact of C5 protein, the protein subunit of RNase P, on M1 RNA were visualized ( Figure 6 ) by reference to the results of dimethylsulfate (DMS) protection experiments and enzymatic (RNase T 1 ) footprinting experiments (Vioque et al., 1988; Talbot & Altman, 1994) . These data, when displayed in terms of the three-dimensional structure of M1 RNA, indicate that several, seemingly distant, non-contiguous regions of the RNA that are protected by C5 protein meet in space (Vioque et al., 1988) and at least one other chemical probe, dimethylsulfate (Talbot & Altman, 1994) so as to form a concave surface with which the protein can interact (Figure 6 ). Indeed, when C5 protein is modeled as a bent cylinder of about 45 Å in length it can readily be placed on M1 RNA, making contact with all the nucleotides protected by both specific and non-specific interactions in the experiments alluded to above. (The hydrodynamic axial ratio of the protein has been measured as 7:1; unpublished results.) The protein, in its hypothetical placement on M1 RNA, appears to contact several helices (1, 2, 4, 5, 7, 9 and 10) and J8/10, thereby stabilizing the overall structure of M1 RNA in a unique configuration.
The pattern of reactivity with Fe(II)-EDTA of M1 RNA in the C5 protein-M1 RNA complex in 10 mM Mg 2+ differs in several respects from that when C5 protein is absent (Figure 7(a) ). In particular, there are three regions in which the pattern of protection is ''reversed'' under the different sets of experimental conditions (see arrows in Figure 7(a) ). Note that C5 protein leads, by comparison, to significant protection in J4/5 and J6/P14(3') while it leads to accessibility in P14(5'). Thus, the reversals lead to one region of tertiary structure (P14) becoming RNase P activity is exhibited either by the holoenzyme complex or by M1 RNA alone in 100 mM Mg 2+ . We anticipate that there should be differences in the conformation of M1 RNA under the two sets of conditions, since high concentrations of Mg 2+ cannot entirely mimic the function of C5 protein , especially with respect to the ability of the latter to raise the turnover number of the enzyme. Indeed, there are some differences between the patterns of protection of M1 RNA in the complex with C5 protein (10 mM Mg 2+ ) and M1 RNA alone in 100 mM Mg 2+ (see Figure 7(b) for comparison) . The presence of C5 protein leads to reversals in the pattern of protection in high Mg 2+ , as it did in low Mg 2+ , but only one is at the same position (J6/P14(3') in each case. Immediately adjacent to this location, C5 protein makes P14(3') more accessible to chemical attack as it does P14(5'), an indication that the conformation of P14 is sensitive to C5 protein and/or Mg 2+ . The other significant reversal occurs in the 3' side of the internal bulge of P7 and P7a(3'). This latter region is implicated in catalysis (k cat ), while P14, as inferred from studies of deletion mutants of M1 RNA (Guerrier-Takada & Altman, 1992) affects substrate binding (K m ). C5 protein appears to facilitate structural changes in M1 RNA that make its overall conformation more compact. The protein also plays a role different from critical Mg 2+ (in P14(5'), J4/5 and the bulge in P7) in organizing the conformation of the catalytic RNA. It is remarkable, however, that conformation reversal, as judged by chemical accessibility, is limited to only two features of complex tertiary structure.
C5 protein does not make direct contact with the substrate in our model if the substrate is in the proposed binding orientation that leads to catalysis ( Figure 6 ). In fact, the protein is apparently located on, or curves around, the opposite side of the enzyme from the substrate. This result is consistent with our failure to find a footprint of the protein on the substrate in the holoenzyme complex (Talbot & Altman, 1994) . Contacts in P4 (3'), J4/5 and P5(5') must be important in determining the organization of the top portion of M1 RNA, as shown in Figures  1(b) and 6, and may be an indication that C5 protein, by making these contacts and others in P9, P7 and P1, bends M1 RNA like a hinge around the axis through the bulge in P9.
Discussion
We have tested a three-dimensional working model of M1 RNA, the catalytic subunit of RNase P from E. coli, by probing the RNA in solution with an Fe(II)-EDTA reagent. Similar experiments, in which the accessibility to chemical reaction of the C-4' atom of ribose groups is determined, were carried out with complexes of the enzyme and its substrate or protein cofactor, C5 protein. These experiments give a minimum estimate of the solvent-accessibility of the ribose groups, since chemical reactivity can be limited by factors other than geometric ones and they provide a rough picture of the solution architecture of M1 RNA. The experimental data are in good agreement with results from similar experiments concerning protected regions performed with the analog of M1 RNA from Bacillus subtilis (Pan, 1995) . The data for M1 RNA also are compatible with the calculated accessibilities for M1 RNA (see Figure 1) , except in some local regions of single-stranded or complex and as yet undetermined structure. However, rather than yielding a satisfying highresolution view of the sugar-phosphate backbone of M1 RNA, the experimental data were incomplete in the sense that they do not provide proof for the existence of several proposed intramolecular contacts. The view of M1 RNA provided by the data is akin to that of the ''molten globule'' state of a protein (Kuwajima, 1989) , in which most of the two-dimensional structure is distinguishable, as are some, but not all, of the tertiary contacts.
The next stage of refinement of the model will require experimental verification of specific contacts proposed in the model, especially those that determine tertiary interactions, through the use of site-specific mutagenesis. Even when the results of such experiments become available and the model is refined, we must recall that a model only represents a static picture of an enzyme that can undoubtedly exist in different conformers that depend both on solution conditions and its functional state. The data not only measure a surface of contact but also changes in the motion (rigidity) of the components of the system.
Comparison of models
A detailed comparison between our model (Westhof & Altman, 1994; and see above) and that proposed by Harris et al. (1994) is not possible, since accessibilities cannot be calculated for the latter model. The model proposed by Harris et al. (1994) encompasses only part of M1 RNA (roughly nucleotides 1 to 125 and 235 to 377) and it represents the RNA only as a collection of cylindrical domains (the helical segments). Some general features of the two models are similar. For example, both contain the almost coaxially stacked P1-P10-P11 helices (see below). Harris et al. (1994) also stack P7a-P7b and P8 to form a quasi-continuous helix. In our model, however, P7a and P7b are bent sharply with respect to each other and P8 is unstacked. (The extent to which P8 is essential for either folding or function of M1 RNA and its analogs is uncertain since much of this region can be deleted without severe alteration of the kinetic constants of these RNAs (Haas et al., 1994; Schlegl et al., 1994) .) In the corresponding models of the E-S complex, the orientation of the substrate is different, although the scissile bond and the CCA terminus are in the same vicinity on the surface of the enzyme in each. Furthermore, in the model described here, the enzyme-substrate complex is built with a partially denatured acceptor stem of the tRNA domain: its 5' and 3' extremities point in directions roughly 90°apart. Svärd & Kirsebom (1992 have shown that k cat of a ptRNA substrate is increased when the acceptor stem is partly denatured by site-specific mutagenesis. (The model is built with 5 bp denatured but denaturation of 3 bp is sufficient to achieve the same effect. There is no evidence that shows that C5 protein is in direct contact with the substrate, which suggests that M1 RNA itself is the denaturing agent.)
As can be seen in Figure 8 (a), 14 of 21 of the intra-molecular cross-links determined by Harris et al. (1994) fit our model: there are two main regions of discrepancy. Furthermore, our Fe(II)-EDTA protection data are in good agreement with similar data from experiments that probe the accessibility of the bases ( Figure 5 ; Knap et al., 1990) in the E-S complex. With respect to the enzyme-substrate complex, Figure 8 (b) illustrates that the cross-linking data of Harris et al. (1994) can be divided into two major groups, readily illustrating that the discrepancies noted above (and previously; Westhof & Altman, 1994) can be removed by considering that there are either two major binding modes of substrates on M1 RNA, as shown by the groupings of cross-links in Figure 8 Green arrows indicate cross-links between positions that are less than 35 Å apart in our model, while red arrows indicate those that are greater than 35 Å apart (and, therefore, incompatible with this model). The two yellow arrows in (b) indicate cross-links that cannot be topologically compatible with our model. In (a) the distances in our model are distributed as follows: 7 Å < 15 distances < 35 Å ; 35 Å < 3 distances < 40 Å ; 52 Å < 5 distances < 64 Å . In (b) the distribution is as follows: 13 Å < 13 distances < 35 Å ; 42 Å < 7 distances < 69 Å ; 1 distance > 100 Å . model proposed by Harris et al. (1994) relies on data from complexes made with both substrate (ptRNA) and product (tRNA) with M1 RNA. It is unlikely that substrate and product bind to the surface of the enzyme in precisely identical fashion.
Direct UV cross-linking (in the absence of any photoactivatable cross-linking agent) data indicate that cross-links with a ptRNA are made under a particular set of binding conditions to the region near nucleotide 92 in M1 RNA and not at all with the region near nucleotide 332 (Guerrier-Takada et al., 1989; Kufel & Kirsebom 1994) , suggesting that if two modes of binding of substrate exist, they cannot be occupied under precisely the same conditions. We note that the kinetic analysis presented by Beebe & Ferke (1994) provides evidence for more than one conformer of both the enzyme itself and the E-S complex, although the role of the latter conformers in the kinetic pathway of the reaction has not been elucidated. Our data cannot exclude the possibility that we are observing a mixture of conformers or that each individual substrate makes a variety of substrate-specific contacts with the surface of the enzyme in addition to an underlying set of universal contacts.
Binding of C5 protein to M1 RNA
The pattern of protection from chemical reactivity of M1 RNA in the complex with C5 protein is compatible with previous experiments that indicated that the protein was not in contact with the substrate (Talbot & Altman, 1994) , and that its size and axial ratio (unpublished results) enable it to be placed on the surface of M1 RNA in a manner such that it covered the ribose groups protected from attack by Fe(II)-EDTA. These data serve as a guide for chemical cross-linking results that will enable a more precise positioning of C5 protein on M1 RNA. Just how C5 protein facilitates entry of the E-S complex into transition state or accelerates product release is still not apparent. One possibility (which would also resolve some of the uncertainty in fixing contacts made by single-stranded regions in our model) is that C5 protein promotes the bending of M1 RNA around the axis through the bulge joining P9a and P9b. In this respect, we note that Talbot & Altman (1994) measured a strong asymmetry in binding of C5 protein and catalytic activities between deletion mutants of P13(5'), the bulge between P9a and P9b, and P13(3'), which could be taken to indicate that the importance of the bulge between P9a and P9b goes beyond its role in pseudoknot formation with the tip of P7. A bending in P9 such as we suggest, accompanied by torsions, which could occur in M1 RNA alone but with a less favorable rate constant, would make the structure of the catalytic RNA more compact. As a consequence of the bending, binding of M1 RNA to substrate would become stronger (the contact surface, or the active site, being more extended) and the accompanying conformational changes might facilitate unwinding of the acceptor stem, subsequent catalysis and/or product release.
Materials and Methods

Chemical reactivity experiments
Enzyme and substrate RNAs, either non-radioactive or terminally labeled with 32 P, and C5 protein, were prepared as described (Vioque et al., 1988; GuerrierTakada & Altman, 1993) . Before further use, M1 RNA was incubated for five minutes at 65°C in buffer that contained 10 mM Mg 2+ and cooled slowly to room temperature. M1 RNA, labeled at either terminus, was incubated for 90 minutes at 37°C in buffer F that contains Fe(II)-EDTA (25 mM Tris-HCl (pH 7.5), 100 mM MgCl2, 2.5 mM DTT, 100 mM NH4Cl, 2 mM (NH4)2Fe(SO4)2.6H2O, 4 mM EDTA.Na2) under conditions similar to those previously employed in studies of group I introns (Celander & Cech, 1991) . Control experiments were carried out in buffer that contained no Mg 2+ . Similar experiments were carried out after M1 RNA had been incubated with the precursor to tRNA fMet (pfMet) from mitochondria of Saccharomyces cerevisiae (Morales et al., 1989) , prepared by transcription in vitro, at a final concentration of 2 × 10 −7 M (this concentration is greater than the Km of this substrate, of which not more than 10% is expected to be cleaved by M1 RNA during the time-course of the experiment; unpublished results) for five minutes at 37°C in buffer F without Fe(II)-EDTA. Fe(II)-EDTA was then added and the reaction mixtures were incubated for 90 minutes at 37°C. Control incubations were performed as above but without the addition of Fe(II)-EDTA. Non-specific cleavage of phosphoester bonds by metal ions must be taken into account as part of the background reactivity in experiments with RNA and Fe(II)-EDTA. Additional experiments were performed with a small, model substrate (pd2AT-1, 45 × 10 −7 M) in place of pfMet. Experiments with C5 protein were also carried out in buffer F that contained 10 mM Mg 2+ . In these last experiments, a 20-fold excess of C5 protein (0.25 pmol) was mixed with M1 RNA (0.0125 pmol) on ice for five minutes in buffer F (10 mM Mg 2+ ) without Fe(II)-EDTA prior to the subsequent addition of Fe(II)-EDTA and further incubation (final volume of 10 ml; parameters of C5 binding to M1 RNA are given by Talbot & Altman, 1994) . After completion of incubations in buffer F, reactions were terminated as described (Celander & Cech, 1991) and RNA was subjected to electrophoresis in 6%, 8% and 12% (w/v) polyacrylamide sequencing gels for an appropriate period. Each gel was autoradiographed and scanned with a BioRad scanning densitometer model 1650 linked to a Macintosh IIcx computer and the data were analyzed using GS370 Version 3.0 software (Hoefer Scientific Instruments). The intensity of a band that corresponded to a particular nucleotide in the control experiments in the absence of Fe(II)-EDTA or Mg 2+ (see above) was subtracted from the intensity at the same position in the lane loaded with RNA that had been incubated in the presence of Fe(II)-EDTA and 100 mM Mg 2+ under the same conditions. Experimental data illustrated by Figures 3, 4 and 7 represent the smoothed average of at least two experiments. Smoothing was achieved using a moving window of five nucleotides.
A region of compression in the sequencing gel analysis of M1 RNA at positions corresponding to nucleotides 163 to 168 prevented reliable collection of data at every nucleotide in this region. Furthermore, the use of M1 RNA transcribed in vitro and labeled at its 3' terminus results in uncertainty in the precise assignment of cleavage products to nucleotide positions in two short regions in the 3' half of M1 RNA because of the addition of one or two extra nucleotides at its 3' terminus during transcription: this problem is not encountered with M1 RNA labeled at its 5' terminus.
Calculations of solvent-accessibility of C-4' atoms of ribose moieties
Solvent accessibilities of the ribose C-4' atoms were calculated with the program ACCESS (Richmond, 1984) using a sphere of radius 2.8 Å and results were smoothed using a moving window of five nucleotides. A value of approximately 12.5 Å 2 was set as the threshold for ''protection'' on the basis of comparisons between a known tRNA structure and published protection data (Latham & Cech, 1989; Jaeger et al., 1993; and unpublished results) . Note that accessibility is a necessary but not sufficient condition for chemical reactivity.
Computer-assisted modeling was carried out as described (Westhof & Altman, 1994) . Atomic coordinates of the refined model are available on request from E. W. (e-mail: westhof@astorg.u-strasbg.fr).
